Nomenclature
enhance heat transfer performance [4] [5] [6] [7] . Lee In this study, five aluminum MMFTs with different fin numbers were fabricated and 11 used as test sections, which are defined as sample 1, sample 2, sample 3, sample 4 and 12 sample 5 respectively. Taking sample 4 as an example, Fig. 1a shows the cross-section 
Nanofluid 16
TiO2-water nanofluids with 0.005%, 0.01% and 0.1% volume concentrations were 17 prepared by two-step method in this study. The production method of nanofluids is 18 characterized by the following steps: firstly, adding TiO2 nanoparticles with particle 19 diameter dp = 10 nm into base fluid, water. Cetyl trimethyl ammonium bromide (CTAB), 20 a dispersant with mass that is 0.2 times higher than that of the nanoparticles, was then 21 dispersed in the water. Finally, the solid-liquid mixture was oscillated in an ultrasonic All the thermophysical properties of nanofluids were calculated or measured to be 1 used in the data reduction. The effective density and specific heat of the nanofluid are 2 calculated by
The effective thermal conductivity of nanofluids were measured by using a transient The effective viscosity of the nanofluids was measured using a rotating viscometer 2 and the relative viscosity of the nanofluids at 20 °C is presented in Fig. 4, along 
From the figure, it can be found that the viscosity ratio of nanofluid to water increases 6 with the increase of volume concentration and is higher than that obtained by Batchelor The schematic of test system is presented in Fig. 6 . The working fluid is driven from 6 The hydraulic diameter and aspect ratio of the rectangular minichannels are 7 respectively defined as The total pressure differential in the test section is expressed as
Data reduction
Frictional pressure loss is calculated using Eq. (7), and singular pressure loss (ΔPm) is 
The heat gained by the fluid that is heated throughout the test section is expressed as
The heat flux can be calculated from the heat gain by the fluid as
According to the energy balance, the fluid temperature at longitudinal x position is
The local heat transfer coefficient is given by
Based on the energy balance, heat loss rate is defined as
The local Nusselt number is defined as
15
The local Reynolds number is defined as 
where δy1, δy2, ……δyn are the uncertainties of directly measured values.
12
The test ranges and uncertainties of some relevant parameters are summarized in 13 transfer characteristics of water in sample 2-5 and nanofluids in sample 1 were studied.
8
Finally, the experimental results using two combined enhancement techniques were 9 obtained and then compared with those of previous experiments.
10

Experiments with sample 1 11
The friction factor is plotted as functions of Reynolds number in Fig. 5 In Fig. 7(b) , the Nusselt numbers are plotted against the Reynolds number for sample 
Experiments with one enhancement technique
14
In this section, flow and heat transfer characteristics of sample 2-5 using water as 15 working fluid were investigated. Fig. 8(a) shows friction factors of sample 1-5. It is 16 observed that friction factor of all samples with the fin structure is higher than that of 1 smooth tube, sample 1 and the friction factor increases with the increase of fin number.
2
From Fig. 8(a) , it is further observed that for sample 2-5 with the fin structure, an earlier Nusselt number of the samples with the fin structure is higher than that of sample 1.
8
The Nusselt number also increases with the increase of fin number and Nusselt number 9 can increase by up to 135% for sample 5. Flow and heat transfer characteristics of sample 1 using TiO2-water nanofluids as 13 working fluid were also investigated next. In Fig. 9(a) , friction factors of nanofluids at which demonstrates that using micro fin does enhance heat transfer performance.
11
Among sample 2-5, sample 5 has the highest PEC values and maximum value of PEC 12 is 1.83 for sample 5 at about Re = 2300. Moreover, for using nanofluids as working 4 In this section, the enhanced heat transfer performance were studied by using To illustrate the effect of enhancement techniques on flow characteristic, Table 2 1 summarizes the increase in the friction factor of nanofluids in sample 2-5 as with Table 3 respectively. The quantified analysis of heat transfer enhancement 5 shown in Table 3 indicate that combination of two enhancement techniques could 6 further increase the Nusselt number compared with just using one enhancement 7 technique. From Table 3 , it can be further found that for each working condition, the 8 increase of Nu in turbulent region is much higher than that in laminar region. As 9 concluded in Ref. [29] , two main mechanisms caused by micro fin structure can be used Based on the consideration about heat transfer of nanofluids, from Table 3 , it also 20 can be found that heat transfer performances of nanofluids mainly depend on two 21 factors, nanofluid concentration and fin structure (fin number), which indicates that Table 3 , it can be found that the average increase of Nusselt 2 number increases up to 21% for just changing the concentrations, while the average 3 increase of Nusselt number increases up to 91% for just changing the fin numbers. 4 Therefore, it seems that fin structure has more significant effects on heat transfer 5 performance of nanofluids than nanofluids concentration in this study. The optimal volume concentration is also 0.01% for nanofluids in each sample, can averagely increase by 53.6% and 146.1% respectively. Nusselt number increases 13 by up to 158% at about Re = 3600.
Experiments with two combined enhancement techniques
14 From above experimental results, it can be concluded that although using nanofluids in sample 1 when the PECnf is calculated. Fig. 13 shows the PECnf values of sample 2- performance. Unfortunately, due to the restriction of pressure drop, the test data in 6 larger Reynolds numbers could not be measured in this study. The corresponding 7 research need to be further studied and then compared with the results in similar 8 research. Generally, using enhancement technique in this study shows a good PEC 9 value and applicability to improve the heat transfer performance. 
Conclusion
14
The enhanced heat transfer performances by using two enhancement techniques 15 (micro fin structure and nanofluid) both respectively and conjunctively were studied.
16
Through testing the friction factor, Nusselt number as well as PEC, the key findings can 17 30 be concluded as follows.
1
(1) The Nusselt number and friction factor in samples with micro fin strictures 2 increase with the increase of fin numbers and also are both higher than those in smooth 3 sample. Moreover, using TiO2-water nanofluids as working fluids also can improve the 4 heat transfer but tend to increase pressure drop.
5
(2) Either micro fin structure or nanofluid is a suitable enhancement technique to 6 improve the heat transfer performance in MMFT. Furthermore, from the comparison of 7 these two enhancement techniques, using samples with micro fin structure has the 8 higher PEC values than using nanofluid as working fluid in smooth sample. generally. The optimal working condition is running 0.01% nanofluid in sample 5.
12
Under this working condition, Nusselt number increases by up to 158% at about Re = 13 3600 and the maximum PEC value is 2.0 as Re = 5150. 14 (4) An optimal heat transfer scheme was proposed based on experimental results in 15 this study. Generally, alone employ of micro fin technique is recommended due to its 
